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We present p—p elastic differential cross-section results at nine momenta in the
range 1.5 to 3.5 GeV/c for 40°<.0, , <90°, No strong evidence of secondary diffraction-
like behavior in this momentum region is observed. Rapid changes in the slope of the
90° cross section are seen near —¢=0,7 and 3 (GeV/c)?,

An experiment has been conducted to study,
with high statistical accuracy, the angular dis-
tribution in elastic proton-proton scattering at
13 momenta in the range 1.5 to 5.5 GeV/c, for
the center-of-mass angular region 40°s6,  <90°
We report in this Letter the results at momenta
up to and including 3.5 GeV/c.

In the past few years several developments
have created considerable interest in the behav-
ior of the p-p angular distribution at large angles
and intermediate energies:

(1) Measurements made by Longo and Neal have
indicated an anomalous behavior of the polariza-
tion in p-p elastic scattering near [t|=0.7 (GeV/
¢)? for incident proton momenta above ~2.0 GeV/
c.! This behavior has been substantiated in sub-
sequent experiments by other groups.? A model
has been proposed to explain the observed ef-
fects,® but the angular-distribution data have been
too sparse to make a detailed analysis feasible.

(2) An experiment by Akerlof et al.* resulted in
the discovery of a break in the 90° c.m. p-p elas-
tic cross section at ~8-GeV/c incident proton
momentum, This finding enhanced speculation
concerning the exact nature of the rapid slope
change that had been assumed to occur near 2-
GeV/c incident momentum. Evidence for the lat-
ter has been based principally on the results ob-
tained by extrapolating the 90° cross-section data
into the 1.0- to 2.5-GeV/c region from lower and
higher momenta.

(3) Precision measurements of the large-angle
p-p elastic-scattering distribution at momenta
above 8 GeV/c by Allaby et al.® have revealed
diffractionlike structure. It is of interest to know
to what minimum momentum this behavior per-
sists.
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The measurements reported here were carried
out in the external proton septum beam at the Ar-
gonne National Laboratory zero-gradient syn-
chrotron. The momentum resolution of the in-
coming beam was approximately 1%, with an
equal uncertainty in the absolute value of the cen-
tral momentum, Beam fluxes varied from 15000
to 100 000 protons per 600-msec pulse. A gas
threshold Cherenkov counter (C.) was used to
separate the protons from the pions and kaons in
the beam. The protons constituted more than 30%
of the beam at 1.5 GeV/c and more than 50% of
the beam at 3.5 GeV/c.

The experimental layout is shown in Fig. 1.

The proton beam was incident on a 12-in.-long
liquid-hydrogen target. Scintillation counters

B, and B, detected the incoming protons, and the
outgoing protons were detected by one of the fast-
arm counters (F,, F,, or F,) and one of the slow-
arm counters (S;, S,, or S;). Veto counters A,,
A,, A, and A, (the last two are not shown in Fig.
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FIG. 1. The experimental layout.
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1) covered much of the solid angle that was not
subtended by the detectors. Counter AH was a
veto counter which contained a 1-in.-diam hole
through which the beam passed. A trigger of the
system occurred when the following logic signa-
ture was satisfied: B,B,AHC;FS;A;, where,
for example, F, means any of F, or F, or F,, etc.

The trajectories of the incoming proton and the
two scattered protons were determined by 12
wire spark chambers with magnetostrictive read-
out. The digitized spark-location information
was transferred directly from storage scalers to
a continuous-write magnetic-tape transport,
Trigger rates varied from four to ten events per
pulse. The experiment was monitored off-line
using an Advanced Scientific Instruments Model
No. 6020 computer.

Analysis of the data was carried out on the In-
diana University Pattern Recognition Project’s
Sigma 5 computer. In the master analysis pro-
gram each event, after being filtered to remove
any spurious sparks, was reconstructed in three
dimensions. The standard deviation of sparks
from the reconstructed trajectories was approxi-
mately 1.0 mm, Elastically scattered events
were separated from a small background of other
processes by imposing kinematic restrictions on
the coplanarity and opening angle.

A typical coplanarity distribution is shown in
Fig. 2(a). The distribution is composed of all

30000 300
N
50°< 6, < 52°
25.000— 250/— G- 3
,_
P4
W20,000— (@ l200f— (b)
w
& 150001 150—
'y
()
2 10000— 100F—
=)
2
5,000} 50—
| | | | Lo | L
64 32 Q 32 64 -64-32 0 32 64
. MEASURED KINEMATIC
%EAM [E’ASTXPSLOW]XIO es,LAB -95_ LAB (DEG)

FIG. 2. (a) Coplanarity distribution for all recon-
structable events at 3.00 GeV/c. Pyecam, ﬁfast, and
B0y are unit vectors in the direction of the beam,
fast, and slow protons, respectively. (b) The distribu-
tion of 05 1,55 ~0¢_1ap'" for one 0 ;. bin at 3.00
GeV/c, illustrating the resolution of the system and
relative magnitudes of the background and elastic sig-
nal, Gs’labmeas—es,lab‘ﬁ“ is the difference in the mea-
sured slow proton laboratory angle and the angle pre-
dicted from the measured fast proton angle using elas-
tic scattering kinematics.

events that passed the filter program and satis-
fied the fiducial volume requirements. A three-
standard-deviation coplanarity cut was imposed
and the accepted events were sorted into the ap-
propriate 2° bin in 6., . Then, for each bin, a
histogram was made of the difference between
the measured slow-proton laboratory angle and
the angle predicted from the measured fast-pro-
ton angle, using elastic-scattering kinematics.
Such a distribution at 3.0 GeV/c for 50° <6
<52° is shown in Fig. 2(b). These distributions
were used to determine the background beneath
the elastic peak. The subtraction varied from
~1% at 1.5 GeV/c to a maximum of ~9% at 3.5
GeV/c.

Corrections were applied to the data to account
for the following effects: beam attenuation in the
hydrogen target and counter B, [(5+3)%], coun-
ter inefficiency [(1+1)%], wire-chamber ineffi-
ciency [(2+2)%], nuclear interactions of the final-
state protons [(~6+2)%], and kaon and pion con-
tamination in the beam [(3+2)%]. The angular
dependence of the correction was taken into ac-
count where appropriate. The normalization un-
certainty is £7%.

Our results are presented in Fig. 3. The error
bars shown represent only the statistical error,
and are typically +4%. Results from other ex-
periments®~® in this momentum region agree with
our data, within the combined statistical and
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FIG. 3. Angular distribution for p~p elastic scatter-
ing from 1.50 to 3.50 GeV/c. The errors shown are
the statistical errors only.
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normalization uncertainties.

At the angles and momenta explored in this ex-
periment we find no significant evidence for sec-
ondary diffractionlike behavior. This is in con-
trast to the pronounced structure observed by
Allaby et al.® in measurements above 8 GeV/c.
Our distributions are in general quite smooth
and exhibit the characteristic flattening at large
angles attributed, at least in part, to the sym-
metry of the two-proton system.

Attempts have been made in recent years to ob-
tain a simple parametrization applicable to all

high-energy elastic proton-proton scattering data.

In one analysis,* for example, it has been sug-
gested that the cross section can be represented
as a sum of Gaussian terms in BP,, where g is
the velocity of the protons in the c.m. system and
P, is the transverse momentum:

do _

dt
Each of the three terms refers to a correspond-
ing interaction region of the proton. It has been
shown that (8P,)? is the proper variable for a dif-
fraction model in which the Lorentz transforma-
tion contracts by a factor ¢ a spherically sym-
metric interaction probability density.? Good fits
to a large body of data at momenta above 5 GeV/c
were obtained with this parametrization, We
have investigated the applicability of this pre-
dicted angular dependence in the momentum re-
gion 2-3.5 GeV/c. As an example of the excel-
lent agreement obtained, a fit to our large-angle
data at 3.5 GeV/c is shown in Fig. 4, where the
form

izzs;lciexp(—BZPf/ai). 1

do/dS=A exp(—CP?) (2)
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FIG. 4. A fit to our large-angle 3.50-GeV/c data us-
ing the form A exp(~CP,?) proposed in Ref. 4.
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was assumed.

Other models, in agreement with an earlier
empirical fit by Orear, predict an angular de-
pendence in large-angle p-p elastic scattering
which for fixed P, goes as exp(constsing, ., )
rather than exp(constsin®0 ) as above. The
thermodynamical model for compound elastic
scattering,’® for example, leads to the following
transverse momentum distribution:

W(P,)~P¥?exp(-P,/T,)
for P, >>T,~0.16 GeV/c. (3)

This type of behavior is also predicted by the in-
coherent-droplet model of Huang.!' Fits have
been made to our large-angle data in the 2- to
3.5-GeV/c range with the hypothesis that

do/dQ2=A exp(-CP)) (4)

with A and C being the free parameters. The
fits thus obtained are as acceptable as those in
Eq. (2). This same ambiguity persists in the
analysis of high-energy data.

As pointed out earlier, there has been reason
to believe that a break in the (90°), , p-p cross
section occurs in the region of 1.0-2.5 GeV/c
[0.4 <|¢t|<1.6 (GeV/c)?]. We present in Fig. 5 our
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FIG. 5. The p-p elastic differential cross section at
90°, The low-energy data shown above are taken from
Ref. 6. The open circles are from Ref, 7 and the solid
squares from Ref. 4. The break at |¢|~0.7 (GeV/c)? is
clearly visible. Another change in slope is noted to oc~
cur at |t]~3 (GeV/c)? (see Ref. 14).
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data at 90° along with those from other experi-
ments.*%7 We observe evidence for a rapid
change of slope near ¢=-0.75 (GeV/c)? (P, = 1.5
GeV/c).'? This occurs roughly at the ¢ value at
which an anomalous behavior of the p-p polariza-
tion is observed. A study of possible correlations
between breaks in the differential cross section
and minima (or maxima) in the polarization has
been recently reported by Neal and Predazzi.!®

In Fig. 5 we also present evidence for the ex-
istence of a change in the slope of the 90° cross
section near ¢= -3 (GeV/c)2.'* This evidence is
based on a straight-line extrapolation of our data
and those of Akerlof et al.* The absence of ac-
curate, high-density, low-energy data precluded
an earlier observation of this feature. It is of
interest that at least three models'® 7 predict
the existence of a break between the one discov-
ered by Akerlof et al. at —¢~6.5 (GeV/c)? and
the one suspected around ~#=0.7 (GeV/c)? and
discussed above. In the model proposed by Flem-
ing, Giovannini, and Predazzi'® the cross sec-
tion is represented as an infinite sum of Gaussian
terms in BP,. This expansion has the property
that the Cerulus-Martin bound is not violated, as
it is in the fit of Ref. 4, and that the exponential
behavior proposed by Orear'® follows automati-
cally at large angles. Shoulders are predicted
at the transition points where one goes from the
region in which a particular Gaussian dominates
to the region where the successive Gaussian dom-
inates. Such a transition point is predicted near
|t]=3.0 (GeV/c).

Kokkedee and VanHove'® assume that the known
breaks are associated with the opening of various
inelastic channels, The break discovered by
Akerlof et al.* would correspond to the baryon-
antibaryon threshold, while the first slope change,
near |t|=0.1 (GeV/c)?, would correspond to the
single-pion production threshold. Another break
would then be expected near |¢|=1.6 (GeV/c)?,
corresponding to the KA threshold.

Marshall Libby!” has predicted the values of
|¢] at which the previously known slope changes
occur by relating the differential elastic-scatter-
ing cross section to the interaction energy of two
protons using Fermi’s “Golden Rule No. 2,” and
solving for the values of ¢ which minimize the in-
teraction energy. One heretofore unobserved
slope change is predicted to occur near [¢|=4
(GeV/c)?.. A more thorough analysis of our data
in light of the above predictions will be presented
in a subsequent paper,
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The dynamical symmetry of a charged spinless harmonic oscillator in a constant mag-
netic field is identified. For low fields it is SU(3), for high fields SU(2,1), and for a

certain definite intermediate field SU(2) @ H.

The problem of a charged particle in a magnet-
ic field was recently discussed, with new inter-
est in the infinite degeneracy of the continuous
eigenenergies.! It was also noticed that when a
harmonic-oscillator potential is added to the
Hamiltonian, one can, with a certain choice of
parameters, get a system with an infinitely de-
generate discrete spectrum.? The extent to
which the “accidental” degeneracy of a quantum
system is understandable in terms of irreducible
representations of the dynamical symmetry
group of the corresponding Hamiltonian is of
current active interest.®* Dynamical symmetry
groups hitherto considered—e.g., O(n +1) for
the n-dimensional Kepler problem, SU(n) for the
n-dimensional isotropic harmonic oscillator
—are all compact. Noncompact groups which
entered the field of dynamical symmetries are
the noninvariance groups of these systems. An
attempt is made to relate the above-mentioned
infinite degeneracy to a noncompact invariance
group.

The Hamiltonian for a charged spinless parti-
cle in a constant magnetic field F =2Mcw/e di-
rected towards the z axis and a potential 3Mw?z?
can be shown to be?

3C=p%/2M + Mw?r?/2 + wL,. (1)

Defining H = 3¢/fiw and introducing the notation of
second quantization we get

H=axTa,, +a},Ta}, +aZTaZ +3
+i(a},Tax—axTa},). (2)
Let
A=(ax+ia},)/w/2_, AT=(a,,T—ia},T)/\/-2—;

B=(ax—ia,)/V2, B'=(a,"+ia,")/V2;
C=a,, CT=a,T (3)
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These operators satisfy boson commutation re-
lations analogous to the Cartesian creation and
annihilation operators introduced in Eq. (2).
With this notation it follows straightforwardly
that

H=2B"B+CTC +%. (4)

This is seen to be equivalent to a two-dimen-
sional anisotropic harmonic oscillator with wg
=2, we=1. The dynamical symmetry group of
this Hamiltonian was shown to be SU(2).* With
this observation, any degeneracy associated with
the four operators B, BT, c, C T, has been taken
into account. It is clear, however, SU(2) being
compact and thus having finite-dimensional rep-
resentations, that no infinite degeneracy has
been introduced. The additional degeneracy
present is associated with the third coordinate,
represented by A and A T, These two operators
generate the noncompact Heisenberg group H.®
As they commute with the four operators gener-
ating SU(2) and with the Hamiltonian it follows
that the dynamical symmetry group of the Ham-
iltonian is SU(2)® H.

For the more general system having a poten-
tial 2/(x% +y?) +kz? and in a magnetic field direct-
ed towards the z axis but of strength F = 2c[(k
-k\MV%/e, we get?

3C=p%/2M +3kv? +eFL ,/2Mc
or, using the notation of Eq. (3),
H=0A"A+(2-0)B'B+CTC +3, (5)

where a=1-eF/2Mcw. For the case F=2Mcw/e
we get @ =0 which brings us back to Eq. (4). Re-
versing the magnetic field we get a Hamiltonian
H=2A%A+C7C +3 with similar consequences.
For 0<a<2, i.e., |F|<2Mcw/e, the Hamilton-
ian, Eq. (5), is that of a three-dimensional an-



